Protein stability is not only fundamental for experimental, industrial, and therapeutic applications, but is also the baseline for evolving novel protein functions. For decades, stability engineering armed with directed evolution has continued its rapid development and inevitably poses challenges. Generally, in directed evolution, establishing a reliable link between a genotype and any interpretable phenotype is more challenging than diversifying genetic libraries. Consequently, we set forth in a small picture to emphasize the screening or selection techniques in protein stability-directed evolution to secure the link. For a more systematic review, two main branches of these techniques, namely cellular or cell-free display and stability biosensors, are expounded with informative examples.
Introduction
Miscellaneous functional and structural properties have made proteins promising for developing novel therapeutics, biocatalysts, and advanced materials. Contrary to the common perception, most proteins are just marginally stable (Taverna and Goldstein 2002) . Although marginal stability has been suggested to correlate with protein flexibility and easy adaptation of new functions, it limits industrial applications and scientific research which rely on stable, soluble and functional proteins. Additionally, because most mutations tend to compromise the overall protein stability, purely piping up functionally beneficial mutations during protein engineering may eventually become a zero-sum game for both function and stability (Socha and Tokuriki 2013) . Maintaining protein stability is, therefore, the prerequisite of mutational robustness to evolve distinct functions (Bloom et al. 2006) . Confronting these challenges, methods on improving protein folding and stability 1 have been established both in vivo and in vitro during the past few decades.
One main branch of these methods focuses on optimizing the environment in which the protein is synthesized, transported into, or functioning. Conventional approaches include attempting different media, temperatures, promoters, inducer concentrations, and coexpression of molecular chaperones during protein expression (Deller et al. 2016; de Marco et al. 2007 ). These approaches may buffer the potential deleterious effect of protein overexpression and promote productive protein folding. Another great example is enzyme immobilization, which provides not only solid supports for stabilizing enzyme structure, but also protective microenvironments against distorting agents (heat, organic solvents, etc.) during biocatalytic industrial processes (Silva et al. 2018; Homaei et al. 2013) . The other branch of these methods illustrates that protein folding may be amended by modulating the intrinsic properties of target proteins, such as optimizing codon usage, fusing with solubility-enhancing tags, and a more targeted way, namely, molecular engineering of the protein sequences. We will continue to discuss the last strategy as others have been covered by recent reviews (Elena et al. 2014; Angov 2011; Kosobokova et al. 2016; Costa et al. 2014; Canchi and Garcia 2013) .
Molecular engineering for improving protein folding and stability can be carried out through rational design and directed evolution. In rational design, stabilized mutants can be conveniently screened from a 'smart library' based on the sequence, structure, and mechanism of action of a target protein with considerable success rates (Yang et al. 2015) . However, rational design is not reliable when prior knowledge of a protein is deficient. Directed evolution, a mimic of natural evolution on the laboratory scale, can be deployed. Directed evolution mainly encompasses genetic diversification to generate libraries and high-throughput selection or screening techniques to isolate and identify desired variants (Packer and Liu 2015) . Although for genetic diversification it is nearly impossible to cover the entire sequence space of a target protein, researchers can generate libraries containing 10 6 -10 13 clones with modern mutagenesis techniques (Packer and Liu 2015) . The real bottleneck for stability engineering then lies on establishing high-throughput strategies for mutant isolation based on phenotypes that are directly linked to protein folding or stability (Packer and Liu 2015) . To match with massive library capacity, the development of such strategy can be a major undertaking. Here, we underline this crucial step by introducing two broad categories of technologies to identify the stabilized protein variants, namely display techniques and stability biosensors.
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Improving protein stability by library-based display technologies
Display technologies are straightforward. In general, through physical linkages, target variants displayed on cell surfaces, ribosomes, or attached with their encoding nucleic acids are exposed to harsh conditions such as high temperature, organic solvents, and aggressive pH. The survival clones with selected properties will be enriched through functional assays. The output of one round of selection is often iteratively used as templates for library-generation in the next round ( Fig. 1) , following by detection and validation of stabilized mutants. Display technologies can be divided into two main branches, cellular display, and cell-free display. Cellular display methods such as phage or yeast display, along with cell-free display approaches such as ribosome or mRNA/cDNA display initially designed to screen for affinity now have all been applied for protein stability engineering.
Cellular display approaches Cell surface display
Cell surface display technology refers to the technique of displaying polypeptides or proteins on the surface of living cells and subsequently analyzing and sorting cells for desired properties. The display of a protein of interest (POI) can be achieved by fusing its gene to a cell-surface anchor protein, for example the outer membrane proteins of bacterial cells or subunits of cell surface appendages (Lee et al. 2003; Galan et al. 2016) . Using the signal sequence of the anchor protein, the fusion protein is directed to the cell surface, where it is immobilized and can be accessible from the extracellular space. Typically, each individual cell only expresses a single variant of the POI and the library size is determined by transformation efficiency [for instance, at best 10 8 -10 10 for bacterial cells (Galan et al. 2016; Packer and Liu 2015) ]. Functional display of the POI can be detected by a fluorescently labeled, POI-specific antibody or ligand so that a screening signal is generated. Alternatively, enzymatic reactions may be exploited to label the POI to generate signals. An important rationale behind this technology is that only fusion proteins with proper folding can reach the cell surface and those containing misfolded POIs are retained and degraded by the cellular protein quality control system. Therefore, the signals of individual cells are correlated with the amount of the fusion proteins on the cell surface, which can be used as an approximate measure for protein stability.
The advantages of cell surface display are as follows. First of all, the screening process can be conveniently performed by using flow cytometric analysis such as fluorescence-activated cell sorting (FACS) or magneticactivated cell sorting (MACS). Next, eukaryotic cells can be used for display, allowing mammalian-derived proteins go through post-translational modifications (PTM) to ensure proper folding. Finally, thousands of proteins or peptides may be displayed on the cell surface to avoid stochastic fluctuation as seen in phage display, in which only 1-5 copies of POI are displayed (Boder and Wittrup 1997) .
As the simplest eukaryotic display system, yeast display is by far the most popular platform for protein engineering (Cherf and Cochran 2015) . In Saccharomyces cerevisiae, common surface anchor proteins used in surface display include α-agglutinin (Agα1), a-agglutinin (Aga1p-Aga2p), and the C-terminus region of flocculin (Kondo and Ueda 2004) . Kieke et al. displayed a singlechain fragment-variable form of T cell receptor (scTCR) with a library size of 6 × 10 7 variants on yeast surface through fusion with Aga2p (Kieke et al. 1999) . They used TCR antibodies that recognize conformational epitopes of the V β domain to enrich those displaying properly folded scTCRs. After three rounds of sorting with flow cytometry, stabilized scTCR mutants were obtained with more than half of mutated residues located at the interface of the V α domain and V β domain, suggesting that interactions between the two domains may be crucial for scTCR stability. Besides relying on the quality control of the yeast secretory apparatus to prevent the poorly folded target variants from reaching the cell surface, one may apply extracellular stress conditions to screen for variants more resistant to denaturation. For instance, Shusta et al. applied a 30-min heat shock at 46 °C for the displayed scTCR library before sorting for individual cells (Shusta et al. 2000) . After three consecutive sorting cycles, the enriched mutant populations had an order of magnitude higher level of surface-displayed scTCR than the stabilized mutants previously isolated by Kieke et al. that were grown only at the optimal expression temperature (Kieke et al. 1999) , demonstrating that the efficiency of stability engineering by yeast display can be improved by extra 'in vitro screening' steps.
Bacterial spores display and gas vesicle display
In recent years, cell surface display has been extended into many new technologies, such as bacterial spores Fig. 1 Using library-based display technologies to evolve protein stability. Genetic diversification of the POI can be achieved through various strategies such as error-prone PCR, DNA shuffling, and incorporation of unnatural amino acid. The library can be displayed on various surfaces of carriers, such as yeast, phage, and spore, or conjugated with ribosome and mRNA. Protein unfolding pressures are applied to eliminate the unstable variants from the POI library. Stabilized variants are obtained based on their intrinsic properties, such as ligand binding. The selected or screened variants are sequenced, verified, and ready to enter a new round of evolution display (Pan et al. 2012 ) and gas vesicle nanoparticles display (DasSarma and DasSarma 2015) . Spores of Bacillus subtilis are coated by two protective layers consisting of more than 70 kinds of distinct proteins (Pan et al. 2012 ), which provide enough anchoring candidate sites for displaying exogenous protein. The commonly used anchor proteins in B. subtilis spore surface display are CotB, CotC, CotE, and CotG (Wang et al. 2017a ). Displayed proteins do not undergo secretion process since during spore assembly the coat proteins (and their fusion partners) are directly deposited on the spore surface inside the mother cell. In addition, spores have high tolerance to extreme environments, which makes them suitable for displaying enzymes used in harsh industrial processes (Chen et al. 2017) , and potentially allows the screening for more stabilized biocatalysts under these conditions. For instance, Silu et al. displayed a library of the laccase CotA, which itself is a spore coat protein, on the spore surface of B. subtilis to screen for pH stable mutants that can be used as an immobilized whole-cell biocatalyst (Sheng et al. 2017) . The spore was incubated at low pH before reacting with the substrate of CotA. After seven rounds of screening, an E498G variant was identified to have a 25-fold increase of half-life of inactivation (t 1/2 ) at pH 4 compared with wild-type CotA.
Gas vesicle nanoparticles (GVNP) refer to the buoyant organelles produced in halophilic microorganisms that can be purified as protein nanoparticles (DasSarma and DasSarma 2015) . Exogenous proteins can be displayed on the surface of GVNP by fusing to the GvpC protein, one of the two major proteins that build up the GVNP membrane (Stuart et al. 2001 ). These nanoparticles are stable, non-toxic, and bio-engineerable, making them suitable for displaying antigens for vaccine development. Although there is no report by far, we hypothesize that the ability to display multiple proteins by GVNP makes this system very promising for protein stability engineering after applying an in vitro unfolding stress, as demonstrated by other conventional cell surface display systems.
Phage display
Phage display was first proposed by George Smith in 1985. The target protein is inserted into the minor coat protein (pIII) of the filamentous phage to be directed to the surface of phage particles (Smith 1985) . Folding of the target protein influences the amount of functional pIII during phage assembly and thus determines the infectivity of the virion, providing a linkage between protein stability and the phenotype. Just as other developed display technologies, phage display has an advantage that a large library size (~ 10 9 ) can be achieved swiftly and that a wide range of screening conditions may be applied since the phage particles are relatively stable and can be amplified effectively. Even though the library size can reach up to 10 12 in theory, the final library size of phage surface display is around 10 9 in practice. This is due to restrictions of transformation efficiency of bacterial cells that are used to produce the phages, as well as phage surface expression level (Galan et al. 2016) . Besides pIII, the major coat protein pVIII and a few other structural proteins have also been applied in phage display (Tan et al. 2016) . Both lysogenic phages such as M13 and fd and lytic phages such as T7 may be used to display target proteins. Higher library diversity can be achieved with the use of lytic phages (Krumpe et al. 2006) .
Once the POI is displayed on phage's surface, the virions are subject to high temperature, extreme pH, chemical denaturing agents or proteases (Pershad and Kay 2013) . Phages with unfolded target variants will exhibit reduced binding capacity, causing their elimination during subsequent affinity screening, whereas well-folded variants retaining binding affinity will be enriched. This process usually requires several rounds of binding, washing, elution (collectively referred to as biopanning), and amplification before the mutants with significantly improved properties are finally obtained. Beliën et al. applied heat stress to screen for stabilized endoxylanase (XynA) from B. subtilis with three iterative biopanning (Belien et al. 2008 ). Five single-point mutants were identified, and the half-inactivation temperature of each mutant was increased by 2-3 °C compared to the wild type. Jespers et al. used transient heat stress to induce unfolding of the antibody heavy chain variable domains (dAbs) (Jespers et al. 2004 ). After cooling, screening for dAbs towards protein A was performed to isolate the variants that could resist aggregation and efficiently refold. This resulted in six mutant dAbs that could be handy purified as soluble proteins by bacterial expression system. Frank et al. sequentially applied pepsin and chymotrypsin pressure to screen for protease resistant hirudin variants displayed on phage M13 (Wirsching et al. 2003) . A variant harboring 6 single-point mutations was identified after 2 rounds of biopanning. The IC50 value (inhibitor concentration to achieve 50% inhibition) of this variant increased 100-fold compared to wild-type hirudin. Moreover, the variant still retained partial thrombin inhibition activity.
The fast-replicating nature of the filamentous phage allows automation of the biopanning procedure. As the pioneer, David Liu's group developed phage-assisted continuous evolution (PACE) to evolve proteins or nucleic acids with the capacity of performing more than one round of evolution per hour without manual intervention (Esvelt et al. 2011) . In this delicate method, fresh E. coli host cells are continuously fed into a lagoon vessel and instantaneously infected by a replicating population of M13 phages while the old cells escape lagoon at the same speed. Only the phages producing sufficient amounts of functional coat protein pIII are infectious thus their propagation outruns the rate of dilution, resulting in automatic enrichment. To create a linkage between POI activity and pIII production, synthetic circuits were designed. Instead of fusing the POI to pIII, the POI is encoded by a selection phage vector (SP) and pIII is separately encoded by an accessory plasmid (AP), whose transcription is controlled by activity of the POI. The host cells also contain a mutagenesis plasmid (MP) which increases the mutation rate of the POI gene upon infection. To select for higher stability, Wang et al. introduced an extra folding reporter by fusing the POI with the N-terminal half of T7 RNA polymerase on the phage vector while expressing the other half of T7 RNAP from the host (Wang et al. 2018) . Soluble expression of the POI permitted reconstitution of T7 RNAP activity, thus initiated the transcription of pIII from its T7 promoter to allow the phage to produce infectious progenies. Via this strategy, a P33T mutant capable of inhibiting the aggregation-prone phenotype of a maltose-binding protein (MBP) variant, G32D I33P, by ~ twofold was isolated after a 3-day continuous evolution.
Cell-free approaches
Cell-free display technologies avoid the need of introducing genetic materials into cells. This eliminates laborious transformation steps, facilitates the generation of large libraries and maintenance of library diversity, and also enables users to control the mutational spectrum more precisely. The library capacity can effectively achieve 10 12 -10 14 (Galan et al. 2016) . Library diversity can be further expanded by incorporation of unnatural amino acids or nucleotides.
Ribosome display
Ribosome display is based on in vitro translation of a library of mRNA molecules containing no stop codon. The DNA library of the POI is first transcribed into mRNA. During translation, a ternary complex forms between the nascent polypeptide (covalently connected to the peptidyl-tRNA at the P-site), the ribosome, and the mRNA (Pluckthun 2012) . When the translation reaches the physical end of the mRNA, absence of the stop codon in the mRNA causes ribosomes to stall and the complex is stabilized with sophisticated control of reaction conditions. Thus, a direct physical link between the genotype molecule (the nucleic acid) and the phenotype molecule (the protein) is established using ribosome as the connector. After one round of screening for desired properties of the protein, the mRNA molecules attached to the protein variants are reversely transcribed into cDNA products, which can be deployed into the next round of transcription, translation, and subsequent screening.
Displaying protein or polypeptide on the surface of ribosomes is facilitated by fusing the POI library to an unstructured, flexible tether sequence, which allows the POI to fold outside of the ribosome tunnel (Makeyev et al. 1996) . Coupling in vitro transcription and translation can be achieved by incubating DNA with cell extracts, either E. coli S30 extract or rabbit reticulocyte extract (He and Taussig 2007) . To screen for stabilized protein variants, an unfolding pressure is usually applied prior to the functional screening (Buchanan 2012) , similar to the strategies exploited in the cell-surface display technologies.
Jermutus et al. applied reducing redox potential during the translation of single-chain variable fragments (scFvs) and used antigen binding as the readout to select for variants with increased stability (Jermutus et al. 2001) . DTT reduced the two conserved disulfide bonds in scFvs, causing the proteins to lose activity and aggregate. After five-round selection with increasing concentration of DTT, the most stable scFv mutant increased ΔG NU by 30 kJ/mol, which also possessed a shift of denaturation midpoint by 0.9 M urea compared to the wild type. In another example, Matsuura et al. developed a procedure to screen for properly folded proteins by coupling ribosome display with proteolytic pressure. They also used hydrophobic interaction chromatography (HIC) to exclude aggregation-prone protein variants (Matsuura and Pluckthun 2003) . The combination of the two pressures led to prominent enrichment of more stable proteins.
mRNA display/cDNA display
First proposed in 1997, mRNA display is a screening method based on the formation of a binary complex between a protein and its encoding nucleic acid in vitro (Nemoto et al. 1997; Roberts and Szostak 1997) . The key to this method is that the mRNA is attached through a DNA linker to a puromycin (an analog of the aminoacyl end of a tyrosyl tRNA), which terminates translation by entering the ribosomal A site. As a result, the growing polypeptide chain is covalently attached to puromycin and its encoding mRNA. Similar to ribosome display, screening for function and stability can be conducted in mRNA display simultaneously. After in vitro translation, the mRNA-protein complex of the POI library undergoes a stability pressure, following by functional screening until the desired variants are obtained.
The E. coli S30 extract system commonly used in cellfree translation contains endogenous nucleases and proteases that degrade mRNA and translated proteins. To bypass these risks, Nagumo et al. introduced a reconstituted E. coli protein synthesis system called Protein synthesis Using Recombinant Elements (PURE) into the mRNA display platform (Nagumo et al. 2016) . All steps carried out using purified elements lead to larger libraries compared with the conventional S30-based system. Additionally, it offers the feasibility of introducing unnatural amino acids with superior screening efficiency. The library capacity of mRNA display can reach up to 10 13 , which is 10 6 times of yeast display and 10 4 times of traditional phage display (Takahashi et al. 2003) . Nevertheless, both mRNA display and ribosome display are restricted from extreme screening conditions because of the instability of mRNA. To counter this problem, Kurz et al. developed a cDNA display strategy based on conventional mRNA display, with the modification that a branched mRNA-puromycin conjugate was used. A reverse transcription step was immediately performed after generation of the mRNA-protein fusion, leading to covalent attachment of the protein to its encoding DNA (Ueno and Nemoto 2012) . The cDNA-protein fusion was then used in the subsequent screening steps, which was demonstrated to be more inert towards degradation with a half-life at least fourfold longer than that of the mRNA-protein fusion (Kurz et al. 2001) .
Stephen et al. engineered cycGiBP, a cyclized peptide, for higher stability and target affinity by introducing the codon for unnatural amino acids into its mRNA (Fiacco et al. 2016 ). The mRNA-cycGiBP complex was incubated with immobilized trypsin, chymotrypsin, proteinase K, and aminopeptidase before binding screening to evolve the stability of cycGiBP. The mutant retrieved in the last round of screening showed a 500-fold stability increase in serum and a 3700-fold improvement in protease resistance compared with the parent sequence.
Improving protein stability by protein stability biosensor-based technologies
In the display technologies described above, the folding of a specific POI is often inferred by its function, i.e., the ability to bind a ligand or an antibody, or the enzymatic activity leading to colorimetric or fluorescent signals. Protein stability biosensors provide alternative methods for monitoring protein stability when the function of the POI is not easily characterized. A typical protein stability biosensor consists of two basic components: a phenotypical reporter protein and a POI genetically fused to the reporter. Through expression of the fusion, folding of the reporter is influenced by the folding of the POI, resulting in a phenotypical change. Therefore, a direct linkage between the folding ability of the POI and the phenotype of the reporter is established without prior knowledge of the structure or function of the POI. Many of the stability biosensors provide easy-to-detect phenotypes that allow the selection or screening for stabilized protein variants in a high-throughput manner (Fig. 2) . However, since the selection or screening is performed in vivo, the size of the POI library is generally limited by transformation efficiency.
Chloramphenicol acetyltransferase (CAT) reporter
Chloramphenicol acetyltransferase (CAT) is a trimer of identical subunits, which confers chloramphenicol resistance by acetylating chloramphenicol to prevent its binding to ribosomes. CAT is a widely used reporter protein due to its easily detectable enzymatic activity (Daunert et al. 2000) . To be used as a biosensor, CAT is fused to the C-terminus of the POIs so that its ability to detoxify chloramphenicol is linked to the stability and solubility of the POIs (Maxwell et al. 1999) . Cells expressing CAT fusions with unstable or insoluble proteins exhibit decreased chloramphenicol resistance compared to cells expressing the fusions with stable and soluble proteins, which provides a quantitative measure of the in vivo stabilities of proteins. In directed evolution experiments, stabilized protein variants were isolated by plating the cells expressing the library of the POI in CAT fusion on solid media containing increasing concentrations of chloramphenicol. A number of successful applications of this biosensor include the screening for solubility-enhanced mitochondrial cytochrome P450 (Janocha et al. 2011) , stabilization of imidazole glycerol phosphate synthase (Seitz et al. 2007 ), interleukin-15 (Behar et al. 2011 ), (+)-δ-cadinene synthase (Yoshikuni et al. 2006) , and many more.
It should be noted that this head-to-tail construction has a few drawbacks, not only limited to the CAT biosensor, but also to other reporter systems with terminal fusion designs, such as green fluorescent protein (GFP) (Kawasaki and Inagaki 2001; Cabantous et al. 2005a ), kanamycin nucleotidyl transferase (Chautard et al. 2007) , and dihydrofolate reductase (DHFR) (Liu et al. 2006 ). An intact, functional reporter protein can be released by proteolytic cleavage of a poorly folded POI, by alternative translation due to frameshifting or the presence of internal cryptic ribosome binding sites within the POI gene (Seitz et al. 2007; Kawasaki and Inagaki 2001; Cabantous et al. 2005a) , or by the incorporation of a stop codon near the 5′ terminus of the POI gene (Chautard et al. 2007 ), all of which lead to increased false-positive rate. Chen et al. also reported that the amino acid sequences of the linker connecting the POI and CAT had significant different effects on the selection (Chen et al. 2009 ). For example, the WPGSPA linker resulted in slower cell growth on chloramphenicol plates, lower tolerance to larger POIs, and a much lower in-frame ratio compared to the AGSSAAGSGS linker. Thus, the apparent false-positive rates and the dependence on linker sequence precluded the wide application of the CAT system in protein stability engineering.
β-Lactamase tripartite reporter
One alternative approach to create fusions is to insert the POIs into the reporter protein to create a sandwich construct, which is expected to address the problems caused by proteolysis or frameshift translation. Once the POI is inserted into a permissive site within the reporter, its productive folding determines the association efficiency of the two halves of the reporter and is therefore related to the phenotype conferred by the reporter. If the POI is stable and well folded, the reporter protein can reassemble into a functional conformation. In contrast, unstable or poorly folded POI is prone to proteolysis, splitting the reporter into two halves that are eventually degraded. If a frameshift mutation occurs within the POI gene, the expression of the reporter will also be disrupted, resulting in no phenotype. In this regard, the tripartite setting will reduce the rate of false positive.
The most representative tripartite reporter system was developed by Foit et al. based on the TEM-1 β-lactamase (βla), which confers resistance to β-lactam antibiotics by hydrolyzing them in the bacterial periplasm (Foit et al. 2009 ). βla is an ideal reporter protein because it is monomeric, relatively small (29 kDa) and has low cytotoxicity. In addition, it lacks orthologs in eukaryotes and many prokaryotes, so the phenotype can be well correlated with the level of exogenously expressed βla. βla split at a surface-exposed loop has been used for the detection of protein-protein interactions, ligand binding, and interaction networks (Wehrman et al. 2002; Galarneau et al. 2002; Lofdahl et al. 2009; Remy and Michnick 2015) . Foit Fig. 2 Screening and selection methods based on protein stability biosensors. Diversified genetic libraries can be handily screened or selected utilizing various protein stability biosensors. These biosensors establish direct linkages between the folding abilities of POIs and easily detectable phenotypes of reporter proteins, such as antibiotic resistance markers and fluorescent proteins. The stable or soluble mutants can be identified by screening the cells for high fluorescence or selecting the cells with elevating concentrations of antibiotics et al. converted βla into a stability biosensor by inserting the POI between residues 196 and 197, a site previously demonstrated to tolerate splitting. Selection for colonies grown on increasing concentrations of penicillin allowed the isolation of 26 stabilized variants of the immunity protein 7 (Im7). These variants were confirmed to have ΔG NU values increased by 0.6-5.9 kJ/mol and were more kinetically stable and had higher expression levels. Similar approaches were applied by the same group to obtain better folded variants of bovine pancreatic trypsin inhibitor (BPTI) (Foit et al. 2011 ). Among the 14 BPTI variants, G28W and K26M, which exhibited the most intensive penicillin resistance, significantly increased the steadystate levels in the periplasm by more than twofold compared to the wild type.
Xiong et al. demonstrated the capacity of this system on assessing the foldability of de novo designed proteins spanning 4 structure classes (all-α, all-β, α/β and α + β) (Xiong et al. 2014) . They found that when expressed as a βla fusion, the designed sequence that conferred high penicillin resistance also formed well-folded structure in solution. Through directed evolution approach, the foldability of the initially designed proteins was further optimized, demonstrating the ability of this system to correct the original problematic designs as an effective complement to the rational design approach. Wang et al. also showed that this system can be applied to optimize the folding of a designed chimeric (βα) 8-barrel protein (TIM-barrel protein) (Wang et al. 2017b) . Through six rounds of evolution, the half melting temperature (T m ) of the isolated variant that led to the highest ampicillin resistance has been improved by more than 20 °C.
In addition to TEM-1 β-lactamase, tripartite reporter systems based on antibiotic resistance have been analogously generated in kanamycin, streptomycin/spectinomycin, and nourseothricin resistance markers (Malik et al. 2014) .
Split GFP reporter
Green fluorescent protein (GFP) is by far the most commonly used and most studied reporter protein in biochemistry and cell biology. For the application of GFP in protein folding, Waldo et al. first developed a rapid protein folding assay using the head-to-tail construction of GFP and POI (Waldo et al. 1999) . The basic principle of sensing protein stability is that GFP chromophore formation requires proper folding of GFP (Ormo et al. 1996) , and GFP folds poorly when fused with misfolded proteins. Thus, only fusion protein with proper folding and reasonable solubility can confer GFP with strong fluorescence. By screening emitted fluorescence, the aggregation-prone ferritin H-subunit from bullfrog was successfully optimized to be completely soluble at 37 °C (Waldo et al. 1999 ). However, the main problem of using GFP fusions as an aggregation reporter is that insoluble fusion proteins will still be considerably fluorescent if their aggregation rates are slower than the formation rate of the GFP chromophore (Kothawala et al. 2012) . Moreover, the terminal fusion of GFP may perturb the folding of target proteins and change their misfolding propensity (Kothawala et al. 2012; Bertens et al. 2003) . To overcome these limitations, modifications have been deployed to the original GFP system.
Waldo and coworkers advanced the system in which GFP is split into two inactive, nonfluorescent fragments: GFP1-10 (residues 1-214) expressed on its own and GFP11 (residues 215-230) destined to fuse with POI (Cabantous et al. 2005b) . They then evolved the two fragments to improve their solubility and the efficiency of self-assembly. Owing to its small size, the GFP11 tag has minimal effect on the solubility and folding of proteins it fused with. Sequential expression of the GFP11-tagged POI and the large fragment GFP1-10 allows the POI to undergo protein quality control before reconstituting the chromophore. An important rationale of this technique in measurement of protein stability is that processes such as POI misfolding or aggregation that make the GFP11 tag inaccessible can prevent its complementation with the GFP1-10 fragment, resulting in no green fluorescence and only the GFP11 tag fused with well-folded POI can access to the GFP1-10 fragment along with formation of the chromophore of GFP (Cabantous et al. 2005b ). Using the split GFP system coupled with fluorescence size exclusion chromatography (FSEC) analysis, Rodriguez-Banqueri et al. successfully improved the stability of a membrane protein, SteT (the Bacillus subtilis l-serine/l-threonine exchanger) (Rodriguez-Banqueri et al. 2016) . Two best-optimized mutants, I134V/A377T and L210Q/M229V, showed the best-combined improvement of expression, stability, and monodispersity in detergents. This split-GFP system has also been used to screen for protein solubility in an automated and highthroughput way by incorporation of modular liquid-handling platforms (Listwan et al. 2009 ).
Additionally, Waldo and coworkers further split GFP1-10 into GFP1-9 (residues 1-193) and GFP10 (residues 194-212), together with GFP11 (residues 213-233) to make a tripartite split GFP system (Cabantous et al. 2013 ). The POI is then inserted between GFP10 and GFP11 to produce a sandwiched hairpin for GFP1-9 to recognize. Recently, Mo et al. inserted the esterase Aaeo1 between GFP10 and GFP11 and screening the Aaeo1 library with a high-throughput flow cytometry and a QPix420 colony picker (Mo et al. 2018) . They isolated 55 colonies with brighter fluorescence from a library containing 25,000 variants. After the secondary screening for esterase activity, they obtained two mutants whose soluble expression was improved by twofold in E. coli with k cat /K m values twofold higher than that of the parent.
If GFP is dissected on a surface loop between residues 157 and 158, the resulting fragments will not spontaneously reassemble when produced simultaneously in bacteria (Magliery et al. 2005 ). Lindman and coworkers utilized this split system to improve the stability of the 56-residue B1 domain of protein G (PGB1) (Lindman et al. 2010) . Here, PGB1 was split between residues 40 and 41 and the resulting N-and C-fragments were genetically fused to GFP 158-238 and GFP 1-157 , respectively. The underlining principle is that interactions stabilizing the folded conformation of an intact protein are often strong and specific enough to allow reconstitution of the intact protein fold from fragments of the protein. Therefore, screening for mutations that enhance the binding of the two PGB1 fragments will identify stability-enhancing mutations. From a 'smart library' of 3456 variants of PGB1 1-40 , colonies exhibiting brighter fluorescence were picked, sequenced, and the mutations were reconstituted on the intact PGB1 to assay for stability. The best mutant showed a 12 °C increase in the midpoint of thermal denaturation and an 8.7 kJ/mol increase in ΔG NU at 25 °C (Lindman et al. 2010) .
Since the discovery of GFP, a variety of colorful fluorescent proteins with spectra ranging from blue to red now is available for the development of fluorescence resonance energy transfer (FRET)-based biosensors. In these sensors, a POI is flanked by a fluorescence donor and an acceptor protein. Alterations in POI conformation are reflected by the changes in energy transfer and only wellfolded POIs can bring the donor and acceptor into close proximity to produce efficient FRET signals (Tamura and Hamachi 2014; Lindenburg and Merkx 2014) . Such properties allow the screening for stabilized protein variants. For example, using a tripartite sensor composed of a GFP, a POI, and a blue fluorescent protein (BFP), Philipps et al. screened a library of immunoglobulin V L 2 domains for bright green bacterial colonies using the excitation wavelength of BFP (Philipps et al. 2003) . They finally identified two immunoglobulin V L 2 domain mutants whose ΔG NU increased by 4 kJ/mol. GFP also has the potential to work as a semi-in vitro stability biosensor. Many of the stress conditions (e.g., organic solvents, detergents) applied in the aforementioned display technologies are not practical with living cells because they cause cell lysis. This precludes the deployment of in vivo biosensors, such as GFP, in the engineering of stabilities other than thermodynamic or protease stability. A recent good attempt to address these limitations is to couple GFP to cellular high-throughput encapsulation solubilization and screening (CHESS) (Yong and Scott 2015) , which was originally developed to engineer detergent-resistant G protein-coupled receptors (GPCRs) (Scott and Pluckthun 2013) . In CHESS, each cell expressing a POI variant is encapsulated with detergent-stable polymers to produce cell-like microcapsules. Therefore, stability of the POI can be determined using a high-throughput technique under conditions that solubilize cell membranes. The researchers demonstrated that GFP biosensors larger than 70 kDa were well retained inside the microcapsules after detergent treatment. In addition, the fluorescent signal from the encapsulated GFP can be maintained at 90 °C for up to 5 min and in 2% SDS up to 24 h (Yong and Scott 2015) . These results provide a decent starting point for screening stable protein variants with the GFP biosensor under harsh industrial conditions. As a proof of principle, an MBP-sfGFP (super-folder GFP) library was iteratively screened with CHESS and sfGFP variants showing enhanced temperature and SDS resistance were obtained (Yong and Scott 2015) . It is expected that the availability of detergentresistant sfGFP makes it possible to report the stability of its fused POI under similar denaturing conditions. It is conceivable that by changing the kind of stressors (such as pH, reactive oxygen species, and redox states), this approach may increase the likelihood of engineering other stabilities in addition to thermodynamic stability.
Tat folding sensor
Cells utilize diverse protein quality control (PQC) systems to monitor whether proteins are appropriately folded. In most bacteria and archaea, the twin-arginine translocation (Tat) protein export system performs protein quality control by delivering only correctly folded proteins across the inner membrane (Palmer and Berks 2012; DeLisa et al. 2003) . Based on the fact that the Tat translocase discriminates folded proteins from misfolded proteins and stringently exports only the former, DeLisa and coworkers developed a genetic selection system for protein solubility (Fisher et al. 2006 (Fisher et al. , 2011 . The tripartite biosensor consists of an N-terminal Tat signal peptide (e.g., ssTorA) which directs the fusion protein to the Tat translocase, a POI, and a TEM1 β-lactamase reporter fused at C-terminus of POI, which only confers penicillin resistance when translocated into the periplasmic space (Fisher et al. 2011; Waraho-Zhmayev et al. 2013) . Utilizing the effective proofreading capacity of the Tat export pathway and localization-specific function of the βla reporter, the folding status of the target protein is directly coupled with the antibiotic resistance phenotype.
The Tat biosensor was used in directed evolution to identify solubility-enhanced variants of a couple of proteins. Following the identification of the F19S L34P mutant of the Alzheimer's Aβ42 peptide, Fisher et al. revealed that the hydrophobic cluster composed of residues 17-21 and 30-36 was responsible for the solubility of Aβ42 peptide (Fisher et al. 2006 ). In addition, they isolated a soluble scFv after three rounds of laboratory evolution starting from an insoluble parent sequence (Fisher and DeLisa 2009) . For the endoglucanase Cel5A from the phytopathogen Fusarium graminearum (FgCel5A), Boock et al. improved its heterologous production in E. coli and identified a variant whose production was increased by 30-fold (Boock et al. 2015) . By coupling a semi-high-throughput screening for function, they also restored the enzymatic activities of the isolated mutants to the same level as the wild-type enzyme. Besides DeLisa's group, Kim et al. identified soluble variants of the human heavy chain variable domain (V H ) from a human germ-line VH library by performing three rounds of solubility selection (Kim et al. 2014) . Then, the best variant was used as the backbone into which combinatorial mutations were introduced at seven specific sites using NNK degenerative codons. The selection revealed a strong bias towards the bulky side chain residue, tryptophan, at two adjacent positions localized in a prominent pocket on the surface. These residues together with a third tryptophan made a triad, demonstrating the essential role of hydrophobic packing in maintaining protein stability.
In addition to transporting of a single polypeptide chain, the Tat translocase also support the export of hetero-oligomeric protein complexes. This unique feature permits the application of the Tat-based biosensor for the selection of stable protein complexes. A hitchhiker mechanism is adopted in such cases, in which one component is fused with the Tat signal sequence, while the other is connected to the βla reporter. βla can only be co-translocated into the periplasm if the complex is relatively stable (Rodrigue et al. 1999; Waraho and DeLisa 2009 ). This strategy allowed the isolation of scFv variants with enhanced affinity towards the 47-residue bZIP domain of the yeast transcription factor Gcn4p. The solubility of these variants was also improved when they were expressed on their own, and the solubility of the best variant enhanced by more than tenfold (Waraho-Zhmayev et al. 2014) .
Improving protein stability without using reporter protein fusions
Although researchers have spent every effort to minimize the interference of reporter proteins to the innate properties of target proteins, the presence of fusion tags affects more or less the folding status or in vivo functions of target proteins (Waldo 2003) . Therefore, direct screening or selection based on the stability or solubility of the target protein rather than the phenotype conferred by the fusion partner is the initial and ultimate goal of directed evolution for protein stability.
Colony filtration assay, prototyped by Dreher and coworkers, utilizes the principle that soluble proteins can diffuse through a porous membrane, but protein aggregates are difficult to penetrate the membrane due to their large diameters (Dreher et al. 1991) . In their work, antibody fragments expressed in bacterial cells diffused through a Durapore filter, captured by the antigen on the second membrane, and detected by standard immunochemical reagents. This assay was sensitive enough to allow the precise isolation of a single positive bacterial colony expressing antigen-specific scFv from 10,000 negative colonies (Dreher et al. 1991) . Conceptually similar, Knaust et al. used filter plates in the 96-well format to allow the separation of the soluble fractions from inclusion bodies in the cell lysates (Knaust and Nordlund 2001) . The soluble fractions passed through the filter plates were loaded onto a nitrocellulose membrane. Only soluble recombinant proteins can be detected with target-specific antibodies in subsequent immunoblot assays.
Based on the previous research, Cornvik et al. first applied colony filtration blot (abbreviated as CoFi blot) with directed evolution principles to isolate soluble protein variants (Cornvik et al. 2005) . In the screening of leucine carboxyl methyltransferase 1 from a N-terminal deletion library, Cornvik et al. identified the domains that can be expressed in the soluble form. Asial et al. further expanded the variety of target proteins in the CoFi blot (Asial et al. 2013 ). They improved the T m of the NUDIX hydrolase domain of human NUDT18 by 26.6 °C, anti-Grb2 scFv by 9.5 °C, interleukin-1 receptor antagonist by 9.5 °C, and TEV protease by 9.8 °C. Moreover, they demonstrated that those stabilized mutants still retained similar activities as their corresponding wild-type proteins. Overall, CoFi blot is easy to manipulate and has the potential to be a robust and reporter-independent screening technique for protein stability engineering.
Concluding remarks
Directed evolution, the concept of which was coined nearly 50 years ago (Francis and Hansche 1972) , has become a standard tool to tailor natural-occurring proteins for enhanced or innovative functions. The thermodynamic aspect of protein has gained focus in contemporary protein engineering, because increased stability often promotes the evolution of other desired properties. Also, other aspects, such as stability towards proteases, organic solvents, extreme pH, or oxidative species, are receiving increasing attention because these properties are closely related to enzyme performance in the biocatalytic industry.
For the two essential elements of directed evolution, although approaches for genetic diversification have become standard, challenges remain in optimizing the delicate design of screening or selection techniques that allow for a comprehensive exploration of the sequence space of the library and the effective identification of stabilized protein variants. To date, methods for enhancing enzyme stability in organic solutions have not been matured compared to those operated in aqueous solutions. In addition, the influence of the fusion partner on the folding or solubility of the target requires is not minimized in most settings, and the tradeoff between stability and function also needs to be weighed and balanced. Moreover, only during the last decade, high-throughput operations that allow fully automated, continuous rounds of evolution have emerged, such as PACE. To address all these problems, there is a great need for the development of versatile, practical, sensitive, and fully automatic stability engineering techniques. With these innovative goals in mind, future endeavors will fully embrace the beauty of directed evolution and continue to produce superior medicines, biocatalysts, and advanced materials.
Abbreviations ΔG NU : thermodynamic stability expressed as the Gibbs free energy change of protein unfolding; POI: protein of interest; FACS: fluorescence-activated cell sorting; MACS: magnetic-activated cell sorting; PTM: post-translational modifications; scTCR : single-chain fragment-variable form of T cell receptor; GVNP: gas vesicle nanoparticles; dAbs: antibody heavy chain variable domains; IC50: inhibitor concentration to achieve 50% inhibition; PACE: phage-assisted continuous evolution; scFvs: single-chain variable fragments; HIC: hydrophobic interaction chromatography; PURE: protein synthesis using recombinant elements; CAT : chloramphenicol acetyltransferase; GFP: green fluorescent protein; DHFR: dihydrofolate reductase; βla: TEM-1 β-lactamase; Im7: immunity protein 7; BPTI: bovine pancreatic trypsin inhibitor; T m : half melting temperature; FSEC: fluorescence size exclusion chromatography; PGB1: B1 domain of protein G; FRET: fluorescence resonance energy transfer; BFP: blue fluorescent protein; CHESS: cellular high-throughput encapsulation solubilization and screening; GPCRs: G protein-coupled receptors; sfGFP: super-folder GFP; PQC: protein quality control; Tat: twin-arginine translocation; CoFi: colony filtration.
